This study investigates the interdecadal variations of rapid intensification (RI) of tropical cyclones (TCs) over Western North Pacific (WNP) during 1960-2016, TC variabilities associated with RI and the possible mechanisms for such variations are also explored. Two RI-active periods (P1:1960RI-active periods (P1: -1972RI-active periods (P1: , P3:2000RI-active periods (P1: -2016 and one RI-inactive period (P2:1973RI-inactive period (P2: -1999 are identified using Regime Shift Detection method based on the RI-TC ratio data. RI spatial distributions all exhibit a common Main Development Region. Significant different characteristics of the TC genesis and lifetime maximum intensity location are observed between RITCs and Non-RI TCs and in each period. The majority of RITCs starts with initial intensity at 35-80 kts, and P2 shows an obvious displacement of these TC occurrences. The longitudinal distributions of RI ratio demonstrate totally different patterns. The higher SST and relative humidity, as well as stronger VWS, lead to the highest RI ratio in P3. TCs in P2 have less chance to undergo RI due to the eastward extension of monsoon trough associated with a more eastward movement of TC occurrence away from MDR. The environmental conditions are obviously unfavorable for RI in the Western WNP in P2, as well as in P1. Our findings imply that the TC variabilities are affected by the decadal variations of RI events and the changes in TC occurrence along with the RI-favored environmental fields all contribute to the RI variations at interdecadal scales.
I. INTRODUCTION
Tropical Cyclones (TCs) are among the most devastating natural phenomena, posing more and more threat to coastal cities. Climatologically, the Western North Pacific (WNP: 100 • E-180 • E, 0-40 • N) is the basin with the largest TCs occurrence. Through the decades, TC track forecasts have improved significantly, but little or no progress has been made in forecasting TC intensity change, especially in the forecasting of TC rapid intensification (RI) [1] - [5] . RI is normally defined as the maximum sustained wind speed increases at least 30 kts over a 24-h period following Kaplan and DeMaria [2] . About 90% of super typhoons in WNP underwent at least one RI process during their lifetime [6] .
The associate editor coordinating the review of this manuscript and approving it for publication was Derek Abbott .
Accurate TC and TC RI forecast before landfall are crucial in mitigating losses for coastal regions. By climatologically understanding the spatial and temporal variations of TC and TC RI at different time scales, we could have a better picture on regional TC forecast and disaster reduction.
Significant interannual or interdecadal changes have been observed in TC frequency, TC intensity, and TC tracks over WNP. Matsuura et al. [7] investigated the interdecadal variability of TC activity in WNP and pointed out that the high or low frequency period was related to the long-term variations of sea surface temperature (SST) and the anomalous westerly wind associated with monsoon trough. Chen et al. [8] studied different intensity categories of TCs and concluded that any mechanisms that can modulate the location and intensity of monsoon trough could affect the interannual variations of TC genesis location and frequency. Chan [9] VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ identified a strong multi-decadal (16-32 years) variation of the frequency of intense typhoons by using wavelet analysis and he suggested that El Nino/Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) both could contribute to the modifications of oceanic and atmospheric conditions that would change the TC genesis, TC intensity, and TC movement. Zhang et al. [10] further suggested that the North Pacific Gyre Oscillation were more correlated with WNP TC occurrence compared to PDO and ENSO at interannual or decadal scales. Wu and Wang [11] and Zhao et al. [12] found that the change in TC formation locations and prevailing tracks may have caused the decadal variations in proportions of intense typhoons over the past 30 years. Particularly, a recent noticeable decrease of TC numbers in the WNP after the late 1990s was well observed. Liu and Chan [13] pointed out that the decrease in TC genesis numbers in the southeastern WNP and the main develop regions associated with strong vertical wind shear (VWS) and strong subtropical high are responsible for the low activity in the past decade.
He et al. [14] further indicated that the suppressed TC genesis is closely linked with the decadal change in tropical Indo-Pacific SST, while Zhang et al. [15] also emphasized the dominant role of North Atlantic SST warming on the decadal WNP TC changes. Hong et al. [16] , [17] identified the recent climate regime shift as La Nina-like associated SST in the late 1990s, which modified the mean TC genesis location and shifted the steering flow to the west. The TC prevailing tracks in WNP were also proved to have undergone significant decadal changes especially in recent decades with a dominant northwestward-moving track that caused more TC occurrence in subtropical east Asia [14] , [18] - [20] . These studies reported a westward expansion of WNP subtropical high or the strengthening of steering flow, which caused a more westward and elliptic pathways of TC movement. The WNP warm pool associated with the monsoon trough were also key factors to modulate TC tracks and TC genesis [21] - [23] . Meanwhile, some researches reported a trend of poleward TC genesis and poleward migration of TC lifetime maximum intensity, which further increase the hazard exposure of coastal cities outside the tropics [24] - [27] . A warming climate was also considered to have caused the global averaged intensity of TCs to shift towards stronger storms [28] - [30] .
Previous studies have mostly focused on TC activities in the WNP, yet few studies have attempted to explain the TC RI variability on different time scales. Rapid intensity change usually involves complex interactions between a wide range of spatial scales in the atmosphere and ocean, as well as the inner-core physical process [31] - [34] . Wang and Zhou [6] investigated the critical climate conditions to the frequency and location of RI, and they found that TC formation and RI share common environmental preferences, and RI shows pronounced interdecadal and intraseasonal variations but no significant trend. Hendricks et al. [35] compared the composite environmental difference of TCs undergoing different intensity change categories, and their results indicated that RI was only weakly dependent on the environmental conditions, provided a favorable environment exists, which suggested that RI is primarily controlled by internal dynamics. Yaukey [36] used statistics method to analyze the geographical and timing information of intensifying and rapid intensifying TCs in North Atlantic and they discovered many unique quantitative characteristics of RI events. Wang [37] examined the multidecadal variations of TC RI and its relationship with large-scale ocean and atmosphere factors during cold and warm phases of PDO, and they found that the PDO index was negatively correlated with the annual RI number and PDO could modulate the large-scale environmental variables, such as SST, VWS, and tropical cyclone heat potential (TCHP), to contribute to TC RI. Wang [4] analyzed the interannual and interdecadal RI variabilities and their relations to the large-scale climate indices in North Atlantic, and they found the ENSO, North Atlantic oscillation, and the warm pool are highly correlated with RI variations, and the changes of VWS and TCHP in the main development region are crucial for TC RI. Guo and Tan [38] observed a westward migration of TC RI during short duration El Nino, which is caused by reduced VWS, increased mid-tropospheric humidity and enhanced TCHP in the westernmost WNP. Ge et al. [39] studied the monthly variations of RI ratio in WNP and they suggested that thermodynamic conditions could contribute a greater RI ratio. A recent increase of tropical cyclone intensification rates [40] and RI magnitude [41] in North Atlantic and the increasing proportion of RI-experiencing TCs in WNP [42] , [43] were also reported.
The aforementioned studies mostly aimed at the possible mechanisms for a favorable RI environment, however, few have studied the composite RI climatology in WNP at interdecadal scales, seeing that the decadal change of TC formation location, frequency, TC tracks all could contribute to the RI variations. Also, no one has tried to statistically compare the characteristics of RI and Non-RI TCs and addressed the influence of RI variability on TC activities, and vice versa. Meanwhile, considering the annual RI events frequency are related to annual TC frequency, it is reasonable to investigate the decadal variations of the ratio of RI to TC frequency to determine RI-favored years, since RI may require different conditions compared to TC genesis, and high or low frequency of TCs could generate similar RI events. To our knowledge, Zhao et al. [43] and Kang et al. [42] were the only two paper that studied the annual RI-TC ratio time series in WNP, while they focused on the impact of recent climate regime shift or global warming on the abrupt increase of RI ratio, our study aimed at the long-term variabilities of RI ratio change.
The objective of this paper is then to examine the interdecadal changes of RI-TC ratio and the climatological difference of characteristics of RI and Non-RI TCs in each period during 1960-2016. We intend to explore the TC variabilities under RI and Non-RI groups and try to look for the possible causes for the decadal variations of RI ratio related to TC activities and environmental conditions. In the second section, we introduce the datasets and methods used in this study. In the third section, TC and TC RI variabilities and the changes of large-scale background field were analyzed. The discussion and conclusion are in the last section.
II. DATA AND METHODS
The 6-h TC best-track data in WNP during 1960-2016 were obtained from the Joint Typhoon Warning Center (JTWC) (Available online at http://www.metoc.navy.mil/jtwc). The starting year 1960 was selected in our study to ensure a long enough time scale and also to avoid uncertainties of TC records before 1960 according to JTWC [13] . Only TC records that are at least tropical storm intensity are involved in the current analysis to minimize the uncertainties of estimating weak storms during the early ages. Thus, the initial maximum sustained surface wind (MSW) for calculating RI starts from tropical storm intensity as well, which also assures the current TC was recorded by all agencies in WNP.
Indeed, the discrepancies exist among all the best-track datasets in WNP. For comparisons, two other best-track datasets from Japan Meteorological Administration (JMA) and Shanghai Typhoon Institute (STI) were also investigated. According to Knapp and Kruk [44] and Mei and Xie [45] , we have also adjusted JMA 10-minutes MSW based on the koba table. Note that JMA only started to measure MSW since 1977, and we found that the adjusted JMA datasets shows consistent RI variations with JTWC datasets after 1977, this increased proportion of RI events were also reported by Kang and Elsner [42] . The STI and JTWC datasets correlated well since 1960 to the late 1980s, while the RI variations in STI datasets then appear much lower values than in the JTWC and adjusted JMA datasets due to the change of measuring techniques [46] . Wu and Zhao [47] suggested that the JTWC datasets were more consistent with the dynamically derived TC intensity records than JMA and STI datasets, the combining results above have also proven the robustness of our study on the interdecadal change of RI variations, although we still caution the uncertainties in TC datasets, especially in the early ages.
The monthly mean atmospheric dataset including wind and relative humidity were obtained from National Centers for Environmental Protection/National Center for Atmospheric Research (NCEP/NCAR) R1 reanalysis dataset [48] . The 2 • × 2 • monthly mean SST dataset was obtained from the NOAA Extended Reconstructed Sea Surface Temperature (ERSST) v5 dataset [49] .
TC Intensity changes were recorded at each 00h, 06h, 12h, 18h of a 24-h interval and for each ν24 period, sub-tropical and extra-tropical TCs were removed from the dataset since their structures are different from TCs [50] . Following Kaplan and DeMaria [2] , we defined RI as at least 15.04 m/s (30 kts) in the MSW change over a period of 24h. In this study, a TC is an RITC when it underwent at least one RI event during its lifetime, and the annual RI events are the total numbers of ν24 RI process of each RITC. The location of TC genesis is defined as the position when a TC first reached tropical FIGURE 1. Seasonal and annual variations of the frequency of RI events, TCs, and RITCs (shown in orange, yellow, and green histograms, respectively), and RITC ratio and RI events ratio (shown in blue and red lines). storm intensity, and the location of TC maximum intensity refers to the position when a TC first reached its lifetime maximum intensity (LMI). The RI ratio time series were calculated as the division of annual RI events or RITCs by annual TC genesis frequency.
The Regime Shift Detection method developed by Rodionov [51] was applied in the current study to detect the regime shift of TC and RI time series. This method is fully automatic and capable of detecting multiple change points in a time series according to the Student's t-test. It does not require a priori hypothesis on the time of regime shift. The cut-off length of 10 years and a significance level of 0.05 was used in our study.
Each RI event or TC occurrence was considered as a spatial point in our analysis, the two-dimensional Kernel Density Estimation (KDE) method was used to characterize the patterns of the spatial distribution of point locations and estimate the composite point density for each period. KDE fits a series of kernels centered over each point features, creating a continuous map of feature density, it can help identify the presence of clusters and irregularities [52] . In this study, the KDE was evaluated on a square grid with an axisaligned bivariate normal kernel in R software [53] .
III. RESULTS

A. TC RI CLIMATOLOGY 1) TEMPORAL VARIATION
Over the WNP, 625 RI TCs among all 1482 TCs yielded 2593 RI events from 1960-2016. Approximately 11.0 out of 26.0 TCs underwent RI annually with a mean ratio of 0.42 and each RITC could result in 1.75 RI events on average. Fig.1 (a) shows that the RI process mostly occurred from July to November (JASON), which accounted for more than 83% (81%) of all RI events (RITCs) and October had the highest ratio up to 2.11 (0.45). The TC and RI time series shown in Fig.1 (b) exhibit significant decadal variations, and the TC data has a slightly decreasing trend while the RI data shows slightly increasing trend, however, none of these two trends are significant. The correlation coefficient between TC and RI events (RITCs) is 0.48 * (0.53 * ), which indicate that the changing frequency of RI is partly related to TC genesis. Hence the rising number of RI events in a year may also be a joint reflection of increasing TC genesis and the RI-favored environment maybe mixed with TC genesis-favored environment as suggested by [6] . But seen from our data in Fig.2 (a, b) , a significant TC frequency decrease was observed since the late 1990s, while the RI events remain at the same level since the early 1990s, which lead to an increase of RI ratio in the recent decades. Therefore, we chose the ratio of RI events (RITCs) to TC genesis instead to indicate RI-active and RI-inactive years. For example, the year 1986 had 9 out of 28 TCs that underwent RI, the ratio is only 32%, while the year 2011 had 9 out of 18 TCs that underwent RI, the ratio is 50%. Thus, we consider the year 2011 is a more favored year for RI occurrence. The correlation coefficient is −0.05 (−0.08) between TC genesis frequency and RI events (RITCs) ratio, and is 0.84 * (0.79 * ) with RI events (RITCs).
Based on Regime Shift Detection method, the same three change points (1972, 1999, 2014) were detected in both the two RI ratio time series. Hence, two active periods (P1: 1960-1972, P3: 2000-2016) and one inactive period (P2: 1973-1999) were identified in this study as shown in Fig.2 (c, d) . The statistics for each period can be seen in Table 1 . The year 2015 was not chosen as a change point due to a relatively short period and these two years were combined into P3. It is interesting to notice that the P2 boundary at 1973 and 1999 are both during a rapid shift from a strong El Nino in that year to a strong La Nina in the following year. Previous studies have identified two regime shifts of Pacific basin SST at around 1976/1977 [19] , [54] and 1998/1999 [55] , and the RI ratio change in our study may fall in these two great shifts periods.
2) SPATIAL VARIATION
The spatial variations of RI events and TC genesis location over WNP were investigated by using the KDE method. Fig.3 shows that all the RI events distributions exhibit a common main develop region (MDR: 125 • E-150 • E, 10 • N-20 • N) east of Philippines with the deeper colors indicate higher concentrated occurrence. The MDR covers 61%, 64%, and 62% of total RI occurrence in P1, P2, and P3, respectively. While P3 is mostly centered in MDR, P2 is elongated southeasterly, and P1 has two peaks with the other locates northeast of MDR. It is noticed that in the area east of 160 • , P3 has much less RI occurrence than P2 and P1 either from composite or yearly average. In the South China Sea, each period has a certain amount of RI occurrence, separated with MDR by the Philippine Island. The TC genesis distribution in each period shows a similar pattern and it is apparent that the RI MDR coincides well with the core TC genesis area, which implied that similar mechanisms may work on both processes.
We further explore the annual mean latitude of RI events as shown in Fig.4 . The long-term means don't appear a significant trend and there are no distinct changes among all three periods (so as the annual mean longitude variation, not shown). However, seen from the 5-year smoothed data, that the mean latitude of RI events underwent a gradual decrease since 1960 to 1990, and then increased rapidly, and then followed a decrease again. Fig.4 also draws the annual mean latitude of CAT45 TC genesis location, and the two data show good correlations with R-value up to 0.77, considering that intense TCs normally experience at least one RI process during their lifetime. The annual frequency of CAT45 TCs are highly correlated as well (not shown). Yet the reason for this changing trend of RI events and CAT45 genesis location may require further research.
3) TC VARIABILITIES ASSOCIATED WITH RI
The RI and TC variabilities for three periods and for Non-RI and RI TCs were compared in this section. Fig.5 presents the frequency distribution of RI events variabilities calculated from JTWC best track data, including the 24-h moving speed, the initial intensity, and the time taken from TS to the first RI. The 24-h great circle moving speed distributions for RI events in all three periods show almost the same distribution shape, with ∼80% are below 5 degrees per day. The RI events initial intensity distributions also show no distinct difference and gradually decreased toward higher intensities, with the majority (∼80%) starts at 35-80 kts, which are below CAT-2 intensity according to Saffir-Simpson scale. The time taken from TS intensity to the first RI are generally shorter in P1 and P3 than in P2, which further imply an unfavored RI environment in P2, although the abrupt high frequency from 0-0.5 in P1 may be caused by inaccurate intensity estimates. Fig.6 shows the box plots of TC variabilities associated with RI, including the TC LMI, the time taken from TS to LMI, and the TC genesis location for all TCs, RITCs and Non-RI TCs, respectively. The LMI distributions clearly exhibit huge differences between RI and Non-RI groups since TCs that underwent RI are normally stronger, while the outliers in Non-RI group indicate that some intense TCs can also achieve higher intensity without going through RI process. A higher upper quantile in P1 and P3 of composite TCs implies a higher proportion of major TCs (CAT-3,4,5), which can also be easily seen as a bimodality on the relative frequency distribution of LMI (not shown) as suggested by . The results here may elucidate the contribution of RI events ratio to the kurtosis of the bimodal distribution by causing more intense TCs with higher average RI events per TC. The time taken from TS intensity to LMI for all TCs are mostly within 4 days, yet there is a significant difference between RITCs and Non-RI TCs, considering TCs that underwent RI are usually strong storms which travel longer time since formation before reaching LMI. Fig.7 demonstrates the spatial distribution of composite LMI and CAT-45 genesis location. It is not surprising that the RI events patterns are more similar to the CAT-45 genesis pattern as we discussed earlier. There is a much more significant poleward shift of LMI distribution east of 120 • E in P1 and P3 compared to P2, and further analysis reveal that this difference is mainly caused by the LMI distribution of RITCs as shown in Fig.8 while only 0.96 RITCs in P2 reach LMI in this area. The LMI distribution of Non-RI TCs are more scattered and have a center in the South China Sea.
The latitude and longitude variations show opposite changes that the RITCs have relatively lower latitude and higher longitude than Non-RI TCs. This can be further proved in Fig.9 which shows the spatial distributions of genesis locations of RITCs and Non-RI TCs, and it is obvious that the RITCs tend to develop farther south and east than Non-RI TCs. Also notice that the most concentrated area in P2 elongated to the east of the average longitude, and this has also changed the distribution of RI events in Fig.3 . Fig.10 compares the annual mean latitude of genesis and LMI for RITCs and Non-RI TCs. There is no long-term trend observed in each of the time series. RITCs tend to develop farther south than Non-RI TCs, however, the latitudinal difference becomes smaller when both types of TCs reach their LMI, this may further indicate that RITCs normally have longer development path and reach LMI at high latitude. It is also noticed that there is a significantly lower than average period for RITCs in P2 and a significantly higher than average period for Non-RI TCs in P3. The lower period is consistent with Fig.8 and Fig.9 that the LMI and genesis locations of RITCs in P2 are more southerly concentrated. Zhan and Wang [25] had reported that the poleward migrations of TC LMI were mainly controlled by weak TCs, while the results in Fig.10 also support this as the Non-RI TCs do appear a poleward trend of genesis and LMI location since 1980s, and RITCs show rather a decadal change accompanied by an increasing and a decreasing trend divided at ∼ year 2000. The poleward trend of genesis location of Non-RITCs should be responsible for the observed LMI trend as is also suggested by Song and Klotzbach [57] .
B. RI VARIABILITIES RELATED TO TC OCCURRENCE AND LARGE-SCALE ENVIRONMENTAL
As illustrated in our study, TCs with intensity between 35-80 kts cover ∼80% of RI initial intensity distribution, while they only take up ∼40% of all TC occurrence, and even less for TCs during their intensifying period before they reached their LMI. Therefore, we intend to examine the spatial distribution of these TCs occurrence and see if they show significant difference among all three periods. It is not surprising that the most concentrated area of TC occurrence between 35-80 kts are well overlapped with the RI MDR as shown in Fig.11 . However, compared to P1 and P3, the center in P2 is clearly displaced to the west of MDR. In order to quantify the influence of TC occurrence displacement to the RI ratio, the MDR was divided into three areas: MDR-West (125 • E-133 • E), MDR-Middle (133 • E-141 • E), and MDR-East (141 • E-149 • E), then we calculated the annual average of RI occurrence, TC occurrence between 35-80 kts before LMI and the number of TC passage in each area. The results in Fig.12 show significantly different patterns among three areas and three periods. The total average of RI ratios in MDR for each period is consistent with the change-point analysis that P2 remains the lowest. The differences between the total average of TC occurrence and TC passage number are not distinct, still, P3 is much less than P1 and P2, and they all increase from east to west which corresponding to the westward moving path of TCs. What's more interesting is the longitudinal difference of RI ratio in the three areas, P3 shows an upward trend from east to west while P1 shows the opposite downward trend and P2 reaches the highest in MDR-M.
The TC occurrence displacements in P2 are due to the increase of more eastward occurrence in MDR-E, while MDR-E is an unfavored area for RI occurrence, so as MDR-W in both P1 and P2. In all periods, the RI ratio in MDR-M remains at a similar level, however in P1, it is much higher than average in MDR-E and much lower than average in MDR-W, and in P3 they are all relatively higher and reaches highest in MDR-W. Compared to P3, the inconsistency (e.g. high TC occurrence and low RI ratio) between RI ratio trend and TC occurrence or TC passage trend in P1 and P2 is one of the reasons that caused relatively lower RI ratio. Since P2 consists of two TC genesis frequency change periods (75-88: P2-1, 89-97: P2-2), which may compromise the statistics, we further analyzed these two separate periods (not shown). The two periods exhibited similar pattern with P2 itself, though the TC occurrence and TC passage numbers in P2-2 were higher than P2-1. The above findings imply that the decadal change in both the TC occurrence or the TC passage path and the background field are all responsible for the decadal change of RI ratio.
Therefore, as in our study, the high RI ratio in P1 was due to the abnormally high RI ratio in MDR-E, which was caused by an abnormally increase of RI events and TC genesis in this area ( Fig.9 (a) ) since further analysis revealed that the RITCs in MDR-E in P1 were mostly originated in MDR-E as well (not shown), and apparently the environment favors both processes. The low RI ratio in P2, compared to P1, was because of the extremely low RI ratio in MDR-E due to a huge increase of TC occurrence, which was caused by the increased eastward movement of TC paths. The high ratio in P3 was more likely caused by a general favored background field and a sharp decrease of TC genesis in WNP, considering that all areas are relatively higher, especially in MDR-W.
The above results inspired us to look for the difference in the large-scale background field, and clearly, the decadal variations of RI events were affected by the multi-level environmental fields which involve complex interactions between atmospheric and oceanic factors. Considering our study period starts from the year 1960, here we only investigated some key factors adopted from NCEP/NCAR-R1 reanalysis dataset that are related to the TC intensity and TC movement change. Figure 13 -16 present the average state of SST, 850 hPa streamlines and zonal wind anomaly, 200-850 hPa zonal vertical wind shear, and mid-troposphere mean relative humidity in each of the four periods.
Seen from the results, the variations in these factors are not directly linked to the variations of RI events, however, some crucial patterns can still be spotted in each of the periods. The SST anomalies (SSTA) show a significant general warmer than average period in recent decades especially in P3, and a distinct positive SSTA appeared in equatorial eastern Pacific in P2-2. This tropical Indo-Pacific SSTA pattern has been identified by many previous studies [14] , [16] , [58] , [59] , which is believed to be the main cause of the decadal changes of dynamic and thermodynamic factors in WNP. Compared to P2-2, the relatively cooler SSTA in Pacific and warmer SSTA in India Ocean in P3 have led to a decrease in TC frequency and a northeastward change of TC prevailing tracks. The zonal wind anomaly patterns in Fig.14 the SSTA pattern, as anomalous westliers appear in the southeast of WNP in P2-2 and P2-1, while the monsoon trough depicted on the 850 hPa streamlines obviously extend farther eastward in P2 than in P1 and P3. The zonal VWS patterns in Fig.15 demonstrate a favorable field with reduced VWS values in the southeast WNP in P1 and P2-2, compared to P2-1 and P3 with much stronger VWS. The mid-troposphere RH patterns in Fig.16 show an increase in almost the whole WNP in P3, contrasting sharply with other periods.
The changing SSTA patterns in P3 were considered to have resulted in a strong low-level anti-cyclonic flow anomaly associated with easterly wind anomaly, and to further create positive vertical wind shear anomaly, which have suppressed the TC genesis in Eastern WNP in P3 [14] , [60] . Meanwhile, the high SSTA in Western WNP and increased relative humidity may have contributed to more TCs and TC intensification in P3 [43] . The above mechanisms lead to the highest RI ratio in P3. By contrast, P2-1 also has lower TC genesis numbers, while the environmental fields are not favorable for RI occurrence, similar in P2-2, though it has the highest TC genesis frequency. Part of the reasons for low RI ratio in P2 are the eastward extension of the monsoon trough, which has caused more southeastward TC genesis and more northeastward movement of TC occurrence away from the RI MDR [7] . The higher RI ratio in P1 or the needed environment that favored both TC genesis and RI occurrence in MDR-E are not directly reflected on the analysis patterns. P1 is more like an average state with high TC genesis and normally high RI occurrence. The reason for this may require further analysis.
IV. CONCLUSION AND DISCUSSION
This study analyzed the time series of RI-TC ratio in WNP using JTWC best track data from 1960-2016. The RI-TC ratio data showed significant interdecadal variations, and two higher than average periods (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) and one lower than average period were identified using Regime Shift Detection method. The RI events spatial distributions in three periods all exhibited a common MDR with more than 60% of RI events occurred in this area and the changes in MDR were essentially responsible for the RI changes on decadal scales. The annual average of the latitude of RI events didn't show a significant trend but did show decadal variations which correlate well with the genesis location of CAT-45 TCs.
TC variabilities associated with RI were then investigated and significant different characteristics were observed in each period and between RITCs and Non-RI TCs. RITCs tend to develop farther south and east than Non-RI TCs, and the larger latitudinal distance of genesis locations between RITCs and Non-RI TCs became smaller when both types TCs reached their LMI. A higher upper quantile and median values of TC LMI in P1 and P3 implied a higher proportion of major TCs, which corresponding to the higher kurtosis of bimodality on TC LMI frequency distribution. The TC LMI distributions in the East Asia area in P1 and P3 showed a much more distinct poleward shift than in P2, which was mainly caused by the northern extension of LMI distribution of RITCs in this area. The Non-RI TCs had a more scattered LMI distribution and a center in the South China Sea. Our results also supported the findings that the recent poleward migration of TCs LMI was mainly controlled by weak TCs, as in our study, the Non-RI TCs. The RITCs, however, showed an upward followed by a downward trend since the early 1980s, and the turning point was consistent with the second change point at ∼1999.
The obvious displacement of TC occurrence with intensity between 35-80 kts before LMI in the MDR inspired us to examine the TC and RI ratio difference in the MDR-east, MDR-middle, and MDR-west. The three periods showed significantly different patterns in each area. P3 had an upward trend from east to west while P1 had an opposite downward trend and P2 reached a peak value in MDR-M. It was found that this inconsistency between TC occurrence or TC passage numbers and RI ratio (e.g. high TC occurrence and low RI ratio) had caused a relatively lower RI ratio in P1 and P2. The results implied that the decadal change in both TC occurrence or the TC passage path and the RI-favored background field are all responsible for the decadal change of RI ratio. As in our study, the large-scale atmospheric and oceanic analysis had well explained the rising frequency of RI events and decreasing frequency of TCs in P3, that a higher SSTA and relative humidity in Western WNP and an increasing strong VWS in Eastern WNP led to the highest RI ratio. TCs in P2 had less chance to underwent RI due to the eastward extension of monsoon trough associated with a more eastward movement of TC occurrence away from MDR. The environmental conditions were obviously unfavored for RI in the Western WNP in P2, as well as in P1. The relatively higher RI ratio in P1 was caused by an increase of both TC and RI events in MDR-E, however, the reasons need further research.
In the study of long-term climatology of WNP TCs, one important consideration is the reliability of TC best track data. We chose JTWC data only considering that they had systematically issued warnings on all TCs since the 1960s for the first time. Still, discrepancies among best track data, e.g. JTWC, JMA, STI, are existed and significant, and we cannot rule out those TCs records at early years that may involve large uncertainties or the intensity estimate error due to the change of observation method and operative techniques, which are among all these best track datasets. The definition of RI main development region is rather arbitrary and the quantitative analysis in this region may be not quite accurate, but the decadal changes in MDR are essentially representative of the whole WNP, and these longitudinal variances of RI ratio are not exactly confined in the extent of MDR. The large-scale background filed analysis could explain the RI variations to a certain degree, however, they seem to be more relevant to TC variations, the RI occurrence are more likely to involve both the environmental condition as well as the internal dynamics and varies in different areas along the TC movement. In general, our study has provided new insight into the climatological research of TC rapid intensification in WNP and the TC variabilities associated with RI. Since the rapid intensity change are normally related to intense TCs and the TC occurrence as well as the environment filed change in recent decades has led to a higher RI ratio, our results could also help in TC precaution and disaster reduction.
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